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DISPERSION CHARACTERISTICS OF MONTMORILLONITE, KAOLINITE, AND ILLITE CLAYS
IN WATERS OF VARYING QUALITY, AND THEIR CONTROL WITH PHOSPHATE DISPERSANTS

By B. N. Rovrg, R. F. MiLLEr, and 1. S. McQUEEN

ABSTRACT

This study is concerned with the dispersion characteristics of
montmorillonite, kaolinite, and illite clay minerals in waters of
different hardness and the relation of these characteristics to the
control of canal seepage by artificial sedimentation. The effect of
dehydrated sodium phosphates on dispersion was also investi-
gated. The importance of recognizing colloidal suspensions as
ternary systems (colloid, water, ionized salt) is emphasized.

Representative samples of montmorillonite, kaolinite, and illite
clays, were saturated with either calcium or sodium and then pre-
pared as 1 percent suspensions in distilled, hard, and soft waters.
This provided extreme clay-water environments with respect to
an investigation of the control of dispersion through the injection
of sodium polyphosphate-type dispersants. Intermediate condi-
tions were also provided by using a water of intermediate quality
between hard and soft extremes. A native montmorillonite clay
was selected for use as the prototype of calcium-sodium exchange
relation and was replicated on the kaolinite and illite clays. The
dispersion characteristics of the clay minerals under the preceding
environments are involved in sediment transport in natural
streams and play a decisive role in sediment-lining procedures.
The deflocculents used in the investigation were sodium tripoly-
phosphate (NasP30i), tetrasodium pyrophosphate (Na,P;0y), so-
dium hexametaphosphate (NaPOj),, and sodium hexametaphos-
phate plus soda ash (Nay;CQs) in a 50-50 by weight mixture.
The deflocculents varied in dispersion efficiency depending upon
the interaction of the clay-water-phosphate systems. These
variations were related to dissociation of sodium and length
of polvmer chains. A specific deflocculent for each clay, water,
ionized salt system was indicated by the data.

The percentage of dispersion was measured by sensitive hy-
drometers, reading from 0-10 grams of colloid per liter. This
instrument gave generally acceptable results, except where con-
ditions did not conform to the limitations imposed by basic
theories of hydrometer analysis. The greatest source of trouble
was in montmorillonite suspensions which produced anomalous
increases in the hydrometer readings. This was attributed to
consolidation of uniformly sized particles in the hydrometer jar,
producing a greater apparent specific gravity in the zone meas-
ured by the hydrometer. The increase was usually accompanied
by phenomena similar to gelation.

As an aid in comparing the many hydrometer analyses (con-
sisting of 3,156 hydrometer readings), the index of dispersion con-
cept was introduced. This value totals selected ordinates under
a dispersion curve and compares the sum to a base value obtained
by the same method for selected ordinates under a standard curve
representing sodium-saturated clays in distilled water. Thus,

for each clay mineral there is a standard value against which all
deflocculating treatments may be ecompared.

The results indicate the importance of understanding the chem-
istry of the ternary system (clay, water, ionized salt). T"e de-
pendence of dispersion on the interaction of these three factors is
great. Each clay-mineral group has specific properties and char-
acteristics in the system. Not only does montmorillonite show
the greatest colloidal yield but it is the most responsive to ct anges
in chemical environment. It is far more difficult to sodium
saturate a calcium clay than a hard calcium water. Although
repulsion between like negative surfaces is the basis of dispersion,
the loeation, source and amount of negativity of the variov< clay
minerals determine the best defloceulent for effecting dispersion.

The general implieations of the study have a bearing on saveral
fields of sedimentation. With respect to sediment liniug of
canals, the investigation indicated the relative superiority of mont-
morillonite-type elays for the penetration and filling of small
voids. With respect to filling of joints, cracks, burrowr. and
other relatively large openings, kaolinite and illite clays may be
suitable as mortaring agents.

INTRODUCTION

Irrigation is practiced in areas where precipitation
is insufficient to produce a profitable crop. It is also
used to a limited extent where supplemental apnlica-
tions of water are needed to offset irregularities in
rainfall distribution. More than 100 million acr»-feet
of water is diverted annually for irrigation purposes
in the 17 Western States (exclusive of Alaska). The
amount of water that reaches the user is reduced during
transport by a minimum of 25 percent (Dirmeyer,
1955). Most of this loss may be attributed to sespage
from unlined canals. In addition to the actual decrease
in available water supply, there is the problem of
damage to cropland adjacent to seeping irrigation
canals, such as waterlogged soil, drowned crops, and
zones of salt accumulation. Investigation has there-
fore been centered on possible means of decreasirg the
losses.

Canal seepage has been diminished by treating the
leaking bed material to reduce its permeability. These
treatments consist of lining the canals with materials
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such as concrete, plastics, bentonite, and asphalt
membranes, and compacted earth. The cost of such
treatment ranges from $0.15 to $5 per square yard of
canal bed. None of these treatments has satisfactorily
supplied a low-cost canal lining. Sediment lining seems
to offer great promise, and the present investigation is
the outgrowth of the need for low-cost canal lining.
Canal lining by sedimentation is very appealing
because little special equipment is required.

Sediment lining of canals was originally a natural
phenomenon connected with the early history of
irrigation farming. Irrigation waters were first di-
verted directly from natural streams. The spring
floodflows at the start of the growing season normally
carried enough suspended sediment to serve as a
natural seepage control through sedimentation. The
only drawback to this means of seepage control was its
transient stability. Clear irrigation water, diverted
during the middle and latter parts of the season broke
up the sediment cake and carried it away in suspension.
As irrigation progressed the installation of reservoirs
as sources of irrigation waters terminated the favorable
natural sedimentation of former years by intercepting
the sedimenting material.

An artificially introduced sedimenting material should
be more stable than the temporary sediment cake of
the past. Seepage control by sedimentation probably
could be improved, either by increasing the stability
or toughness of the filter cake at the surface of the bed
material, or by adding a fine-grained sediment below
the bed surface as a void filler.

If the sedimenting material is to be used as a void
filler below the surface of the canal bed, it should be
transportable by the canal water. This imposes
certain limits on the size and transportability of the
particles. The particles probably should be colloidal
in size (less than 1 micron in diameter), and the chem-
istry of the clay-water system should be controlled so
that the particles do not coagulate and form clumps
of particles that will not enter the soil voids. A native
Wyoming bentonite that apparently conformed to the
above requirements was used for sediment lining by the
U.S. Bureau of Reclamation on its Kendrick project at
Casper, Wyo. This was a bentonitic clay that had a
median particle diameter of 0.5 micron.

It was found early in the work at Kendrick, however,
that this bentonite was equally responsive to both
flocculating and dispersing environments. If the canal
waters were of such a chemical quality as to promote
floc formation, the transport of the introduced sedi-
menting material was shortlived. The bentonite sus-
pension failed to cover the desired extent in the canal
because the particles generally precipitated a short
distance from the starting point. Also, flocs of
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bentonite with a sedimentation diameter lerger than the
desired 0.5 micron were formed; these would not
penetrate the voids of canal-bed material.

There seemed to be a need for a dispersing medium
or chemical control to insure the suspensicn of bentonite
in. differing canal waters. It was at thi« stage in the
sediment-lining investigation that the Geological Survey
was approached on the subject of a possikle cooperative
project with Colorado Agricultural and Mechanical
College.

The transport of sediment by water may be influenced
by the kind of sediment and the chemical quality of the
water. Therefore a basic study into the dispersion
characteristics of several clay minerals in waters of
differing chemical quality was of mutual interest to the
Geological Survey and to investigators into canal
lining by sedimentation.

The need for chemical additives to maintain a
dispersion medium led to discussions with represent-
atives from chemical companies. The several phos-
phate deflocculents available seemed to offer the
greatest promise of success so the study was designed
to investigate these in conjunction with the ternary
system (clay, water, ionized salt).

PERSONNEL

The investigation was made by the Geclogical Survey
in cooperation with Colorado Agricultural and Mechan-
ical College, now Colorado State University. The
investigation was started in 1954 at Colorado Agricul-
tural and Mechanical College, where lahnratory space
was provided for the Geological Survey, and was com-
pleted in 1956 in the soils laboratory of the Geological
Survey at the Denver Federal Center. The investi-
gation by Geological Survey personnel was under the
administrative direction of R. W. Davenport, chief
Technical Coordination Branch succeeded by C. C.
McDonald, chief General Hydrology Branch, and under
the supervision of H. V. Peterson, project hydrologist
and later branch area chief, General Hydrology Branch,
Denver, Colo.

B. N. Rolfe, soil scientist, was in imme-liate charge of
the investigation until his resignation in 1956. Reuben
F. Miller, soil scientist, and I. S. McQueen, hydraulic
engineer, assisted in the research and completed the
report.

ACENOWLEDGMENTS

There were many formal and informal conferences
during the study. The names that follcw are those of
people who contributed much to the study but any
omissions do not imply lesser contributions by others to
the overall problem. The writers are indebted to many
faculty members at Colorado State Uriversity, espe-
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cially to Dr. D. F. Peterson, R. D. Dirmeyer, Jr., R. B.
Curry, and Dr. M. L. Albertson of the Civil Engineer-
ing Department, to Dr. R. S. Whitney of the Soils
Department, and Dr. C. G. H. Johnson of the Chemistry
Department. Valuable counsel was received also from
Dr. S. R. Olsen and Dr. C. V. Cole of the regional phos-
phate laboratory of the Agricultural Research Service,
U.S. Department of Agriculture, stationed at Colorado
State University.

Several chemical companies were generous with time,
data, and suggestions. Representing the companies
were R. P. Gates, Victor Chemical Works; Clark Sum-
ner, A. R. Maas, R. N. Thompson and W. C. Bennett,
Calgon, Inc.; and John Deming, I.. V. Sherwood and
R. A. Ruehrwein, Monsanto Chemical Co. These men
contributed very helpful counsel and furnished supplies
of deflocculents for the testing program.

The clay companies were also generous with time,
data, and samples. Paul Bechter, American Colloid
Co., supplied samples as well as technical information.
Messrs. S. C. Liyons and R. E. Lehman of Georgia Kao-
lin Co. helped by furnishing pertinent data on the kao-
lin used in the investigation. For the Baroid Co.,
Messrs. Huebotter, Neznayko, Weintritt, and the late
F. J. Williams offered technical advice and information
on many aspects of the study.

The writers also wish to acknowledge the fine cooper-
ation given by Engineering Laboratories Division of
the U.S. Bureau of Reclamation at Denver, Colo.
Messrs. Hunter, Jones, Mielenz, and the late M. E. King
were always gracious in exchanging ideas and informa-
tion during the course of the investigations.

MATERIALS
CLAY MINERALS

The materials used were components of the ternary
system; clays, water, and ionizable salts.
The clays used were:
1. Kaolinite, supplied by Georgia Kaolin Co., Dry
Branch, Ga.
2. Montmorillonite, trade name ‘“Volclay” supplied
by American Colloid Co., Belle Fourche, S. Dak.
3. Ilite, an illite-bearing shale from Fithian, IlI.
A discussion of clay mineral properties by B. N.
Rolfe is presented on p. 248.

PHOSPHATE DEFLOCCULENTS

Three phosphate deflocculents were selected for the
investigation. Each was studied to determine its effect
on the control of dispersion in the different clay-water
systems utilized in the experiments.

The various phosphates have several common prop-
erties, but differ in efficiency as to specific reactions (Chu
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and Davidson, 1955; Tchillingarian, 1952; Whitehouse
and Jeffrey, 1955; Wintermyer and Kinter,1955). The
results of this investigation indicate only the relative ca-
pabilities of three phosphate reagents, all of whicl. were
dehydrated sodium phosphates, in dispersing three dif-
ferent types of clay minerals. The chemical corposi-
tion and general characteristics of the compounds used
are given in table 1.

There is apparently some confusion concerning phos-
phate nomenclature. The terms in this report are those
in common usage in the phosphate industry. The term
“molecularly dehydrated phosphates’ refers to cartain
complex salts formed by the high temperature detydra-
tion of monosodium orthophosphate, disodium ortho-
phosphate, or an intermediate mixture. The phosphates
differ significantly in P,O;s content, chemical formula,
and atomic arrangement. As is shown in table 1, so-
dium tripolyphosphate, tetrasodium pyrophosphate, and
sodium hexametaphosphate are separate entitie® and
represent distinct phosphate salts with individual - dif-
ferent characteristics.

Table 1 was compiled from literature furnished by
Victor Chemical Works and Calgon, Inc. Thers has
been no effort to edit these statements. The writers
have merely arranged the information for easy compara-
tive reading.

Sodium tripolyphosphate and sodium hexametephos-
phate were used during both years of the study whereas
tetrasodium pyrophosphate was used only during the
second year. A 50-50 mixture, by weight, of sndium
hexametaphosphate and soda ash (Na,CO;) was tried
during the first year of the study. This was done in
response to a suggestion by personnel at Calgon, Inc., on
the basis of their experience in the paper industry
with dispersing kaolinite clays.

WATERS

The chemical quality of the waters used in the study
varied greatly with respect to hardness (calcium. mag-
nesium content). The relative amounts of the matallic
ions, calcium, magnesium, and sodium are of para-
mount importance to the dispersion characteristics
of the various clay minerals. Two prototype waters,
a hard and a soft water, were selected from a teble of
representative irrigation waters described in the U.S.
Department of Agriculture Salinity Handbool (Ri-
chards, and others, 1954). This was in accord with the
objective of the work for the first year wherein end-
member relations such as sodium- versus calcium satu-
rated clays were to be studied.

The plan for the second year decided upon by inter-
ested parties in conferences held at Fort Collins in
early 1955 was to study the dispersion characteristics
of a clay commercially available in water of intermediate



TaABLE 1.—Properties of the phosphate deflocculents used in the study

Solubility in 100

Chemical composi~ | P2 Os con- parts water
Deflocculent tion tent (per- Physical appearance Stability to reversion Sequestration activity pH ofal Uses
cent) Temper- percent
ature | Parts solution
(°F)
Sodium  tripoly- | NasP;Op.____ 57. 8 | Powdered, gran-| 50 14 | 10 br at 100°F so- | Solubilizes calcium 9. 6 | Water softening,builder for deter-
phosphate. ular. 70 15 lution contains and magnesium. gents and soaps, including bar
160 22 98 percent sodium and chip soap (nonblooming),
212 34 tripolyphosphate industrial cleaners, dispersant
(unchanged for pitch control in paper man-
1.2 percent py- ufacture, clay dispersing, tex-
rophosphate, 0.8 tile processing, conditioning
percent ortho- drilling mud.
phosphate).
Tetrasodium pyro-| Na,P,0; (an- 53.0 |--_-. do.____.____ 50 3|10 hr at 160°F, | Solubilizes magne- 10. 2 | Water softening, builder for soaps
phosphate. hydrous). 70 4 little hydrolsis, sium soaps,dis- and detergents, conditioning
160 14 solutions contain perses calcium drilling muds, industrial clean-
212 21 100 percent orig- soaps. ers subjected to high temper-
inal tetrasodium ature for long periods, stabiliz-
pyrophosphate. ing peroxide bleach baths, clay
dispersing, textile processing,
de-inking newsprint ,tin plating.
Sodium hexameta- | (NaPQs)p---. - 67. 0 { Glass plates ¥%— ® (@) | Toeffect complete { Solubilizes calcium 6. 9 | Threshold treatment for iron sta-
phosphate. 1 inch flat reversion in solu- and magnesium bilization and corrosion and
side, Y% tion requires soaps, forms sol- seale control, water softening,
inch thick, autoclaving uble complexes builder for detergents, dis-
with strong acid with most poly~ persant for pitch in paper

or strong alkali.

valent metals.

manufacturing, dispersant for
clay and pigments, textile and
leather processing, conditioner
for drilling muds, and proces-
sing food products.

t Infinitely soluble.

(444
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quality. A Wyoming bentonite (Volclay) and water
from the Tri-County Canal in central Nebraska, were
selected as prototypes for the clays and waters used
during the second year’s investigation.

Distilled water was the first aqueous medium in which
the various clays were dispersed. Any addition of
deflocculent to such a clay-water system would merely
serve to counter the influence of any hard (Ca*t or
Mg**) ions in exchange positions on the clay. Under
such a premise, a sodium-saturated clay in distilled
water should represent maximum dispersion potential,
and the dispersion index discussed later is based on
this condition.

The composition of the hard water was selected from
a field prototype to represent an extreme in flocculating
effect. 'The synthetic model contained the following in
milliequivalents per liter: Calcium, 17; magnesium,
8; and sodium, 17. Thisis an admittedly unusual water
because of its high electrolyte content and high cal-
cium, magnesium values. Anions were not regarded
as significant during the design stage of this study
but proved to be, as will be described later.

The soft water, as with the hard water, was selected
from a field prototype to represent the other extreme
in waters. The synthetic model contained the follow-
ing, in milliequivalents per liter: Calcium, 3; mag-
nesium, 2; and sodium, 15.5. This is a highly sodic
water and is probably an end member in the range that
might be expected in irrigation waters.

Water from the Tri-County Canal in central Nebras-
ka was selected as a prototype for the study because its
chemical compositon fell midway between those of the
hard and soft waters. The synthetic model contained
the following, in milliequivalents per liter: Calcium,
6.2; magnesium, 3.6; and sodium, 6.3.

METHODS
WATER SYNTHESIS

The synthetic waters of varying degrees of hardness
were assembled in the laboratory by adding the proper
amounts of calcium, magnesium, and sodium salts to
distilled water. As indicated previously, there was a
different experimental procedure for each year of study.
This was true for the clays and waters. It is, therefore,
convenient to discuss the water synthesis in chrono-
logical order.

The analyses of the waters for 1954-55 have been
reported in the previous section. Only the sources
of the cations are noted here. Sodium was derived
from reagent grade sodium chloride (NaCl); calcium
from reagent grade calcium sulfate (CaSO,.2H,0); and
magnesium from reagent grade magnesium sulfate
(MgS0,-7H;0).

530716 0—60—2
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During the second year (1955-56) the sodium ions
were derived from reagent grade sodium chloride.
However, to provide calcium, calcium chloride was used
instead of calcium sulfate in order to avoid the possible
formation of an insoluble precipitate as occurred in the
investigation of the hard water.

EXCHANGE COMPLEX SATURATION OF CLATS

The clay minerals were treated to saturate their
exchange complexes with either calcium or sodium or a
combination of the two. In the first year’s invertiga-
tion the clay minerals were made homoionic with
respect to calcium and sodium. In the second year
the clays were ionically adjusted to simulate the
exchange complex of a native Wyoming bentonite
(Volclay).

Homoionic clays were prepared as follows:

1. 10-gram portions of air-dry clay were placed in 100 mi'liliter
glass centrifuge tubes.

2. 100 milliliters of 1 N calcium acetate or sodium chloride were
added and mixed with the clay.

3. The centrifuge tubes were placed in beakers containing water
and warmed gently overnight on a hot plate.

4. The suspensions were then centrifuged and the supernatant
liquid decanted.

5. The above procedure was repeated three times.

6. The clays were washed three times with distilled water,
centrifuged and decanted between each washing.

7. The washed clays were transferred into hydrometer jars and
filled to 1 liter with the proper aqueous medium.

During the second year’s investigation, instead of
using homoionic clays, the cation-exchange coriplex
of Volclay was used as a prototype from which calcium-
sodium percentages were calculated. As presented in
the American Colloid Co. Circular, Data No. 202, the
ionic content of Volclay (per 100 grams) is as follows:

Mitliequivalents

Sodium . ____ . eoon 85. 5
Caleium _ _ e 22. 0
Magnesium _ . ___ .- 1.0
Total _____ ... 108. 5

In calculating the percentage of saturation with
respect to calciuin and sodium, magnesium was grouped
with calcium. Therefore, the sodium saturation is
equal to 85.5-+108.5X100 or 78.8 percent, and the
calcium saturation is 100 percent minus 78.8 percent
or 21.2 percent.

The percentage of exchangeable cations was simulated
on the kaolinite and illite as follows:

1. Homoioniec sodium and caleium clays were prepared as
described previously.

2. Instead of transferring the clays to hydrometer jars (s‘ep 6),
they were air-dried and stockpiled.
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3. 7.88 grams of air-dry sodium clay was mixed with 2.12 grams
of calcium clay.

4. The mixtures (10 grams) were put into hydrometer jars
which were filled to 1 liter with the desired water.

TREATMENT WITH DEFLOCCULENTS

The phosphate deflocculents were added progressively
in small increments to each clay-water system to
determine the quantity producing the maximum
dispersion. The dispersion attained in a phosphate-
distilled water medium was considered the maximum
obtainable for each type of clay.

The increments of phosphate were added to the
system at the end of each hydrometer test sequence,
stirred, and allowed to soak for about 20 hours. The
hydrometer procedure was followed and the phosphate
addition repeated. The time required to attain
maximum dispersion varied with the clay-water system
and took as long as 3 weeks in the calcium-clay hard-
water system. The possible effect of the time element
on the validity of the results was recognized but the
described procedure was adopted because of the space
limitations of the laboratory and the time allotted to the
study. The objection to this method was the
possibility of the phosphate reverting to PO, ionization
products of phosphoric acid an orthophosphate in the
time elapsed during the experiment. However, some
checks that were made using single optimum
applications of phosphates to clay-water systems,
showed no appreciable differences in the results. Also,
the temperatures involved in the study were of such a
range as to restrict reversion to a minimum. The
latter statement agrees with published statements by
phosphate manufacturers.

The method described above was followed during
both years of the investigation. It proved expedient
and allowed for a greater number of tests than would
have been possible otherwise.

HYDROMETER ANALYSIS

The hydrometer test procedures used were patterned
after standard wet mechanical analysis methods with
modifications to adapt them to the objectives of this
investigation (see the section ‘“Discussion of the hy-
drometer method’”). The procedure was as follows:

1. 10 grams of air-dry colloid was placed in each hydrometer
cylinder.

2. Each cylinder was filled to the 1 liter mark with either dis-
tilled water or previously prepared synthetic water. The
mixture was allowed to stand for 24 hours with occasional
mixing.

3. A cylinder was filled with the same water as that used in the
test, to act as a check on temperature and other effects.

4. The hydrometer was inserted into the check cylinder, and the
reading recorded.
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5. The samples were thoroughly mixed for a period of 1 minute
by one of the following methods:

a. The hydrometer cylinder was covered with the palm
of the hand and the suspension mixed by vigorous
end-over-end shaking of the cylinder.

b. A mixing tool was ingerted (a large rubber stopper
fixed to the end of a glass rod) into the c¢ylinder and
moved rapidly up and down.

. A clock or stopwatch was started as the mixing was stopped.

. The hydrometer was carefully inserted intc the suspension.

. The percentage of clay in suspension was read and recorded
1 minute and 4 minutes after mixing.

9. The hydrometer was placed in the check cylinder and the
observed reading recorded, thereby accounting for changes
in temperature and electrolyte effects. This value was
applied to the readings in the sample as a correction.

10. Additional readings were made on the sample and the check
eylinder 19, 60, 435, and 1,545 minutes after mixing.

11. Specified amounts of deflocculent were added to the sample
and to the check cylinder and steps 4 through 10 were
repeated.
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The hydrometer used was an ultrasensitive instru-
ment that measures 10 grams of soil per liter at maxi-
mum reading. This instrument was uved to enable
work in the same range of concentration (about 1
percent) as was used in field experiments on sediment
lining. When the salt concentration in the water was
high and the amount of deflocculent was large, readings
were beyond the range of the sensitive hirdrometer and
it was necessary to use a standard hydrometer calibrated
to 60 grams of suspended material per liter.

RESULTS AND DISCUSSION

Many attempts have been made to devise a universal
means of comparing the results from hydrometer tests
and from other methods of mechanical anelysis. Where
large numbers of analyses were made, no rapid visual
method of comparing the results was available. The
primary deterrent was the lack of a suital\e standard of
comparison.

In the present investigation, interest contered on the
relative efficiency of the various phosphate defloccu-
lents. By adoption of one set of data as a standard of
comparison, the relative dispersion characteristics of
one clay in different phosphate-water systems could be
evaluated. The numerical relation between the stand-
ard and the individual set of data is refe-red to as “‘the
index of dispersion.”

The data for sodium-saturated clays in distilled
water with no deflocculent were selected as the standard
of comparison for computation of dispersion indices.

Each sequence of tests on each clay type started
with no deflocculent added. Because there was a
sequence for each of three types of deflocculent using
distilled water, this provided 3 runs on each clay that
were duplicates, that is the same amouut of clay dis-
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persed in identical liquid media. This provided a
usable standard with several advantages:

1. There were duplicate tests that could be averaged.

2. Sodium-saturated clays in distilled water represent near
optimum dispersion.

3. The aqueous medium is salt free and does not introduce any
extraneous electrolytic effects into the system.

4. The individual size distribution curves for a given clay were
similar, Therefore the standard should be reproducible.

In the test procedure used, hydrometer readings
were made 1, 4, 19, 60, 435, and 1,545 minutes after
mixing the sample. As the grain-size distribution for
all samples of a given type of clay was presumably the
same, the sum of these readings would represent the
relative dispersion of the sample. The average of the
sum of the readings for 3 runs on each sodium-saturated
clay in distilled water with no deflocculent was used
as a standard or 100 percent dispersion. For Volclay,
a montmorillonite-type clay, the average sum was 532;
for kaolinite it was 453; and for illite it was 395. The
dispersion indices were computed as in the following
example.

For calcium-saturated Volclay in distilled water
with 0.5 grams per liter of sodium tripolyphosphate
added, the corrected hydrometer readings at the
specified times were 90, 83, 69, 52, and 41 percent of
dispersed weight. The total is 404 and the dispersion
index is 404-+-532<100=75.9 percent.

Thus each test run was compared on a percentage
basis with the standard for the type of clay being tested.

The computation of dispersion indices requires that
there be no missing data. The hydrometer readings
in the standard at 1, 4, 19, 60, 435, and 1,545 minutes
must be matched by readings at the same time intervals
in the hydrometer run being studied. However, 1 or
more of these readings were omitted during several
tests, the reasons being time, expediency and apparent
end to sequence. Examination of the data and the
laboratory procedures used indicated that the missing
readings lay within narrow definable limits and could
be supplied with reasonable accuracy by extrapolation
and interpolation. The following criteria were followed
in substituting for missing data:

1. Missing values were assumed to be equal to or less than those
preceding them in a series.

2. Incomplete curves were compared with complete size distri-
bution curves in the same system and the missing data was
chosen to make their curve shapes conform.

3. Notes on original data sheets such as references to clear
surface breaks and floc formation, were used as guides in
determining the extrapolated values.

4. Dispersion indices for a given system were plotted and any
significant deviation from a norm was rechecked.

. The results of the hydrometer analyses are presented
in the section ‘“Tables of Data and Dispersion Indices”
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in tables 2 through 19 and are summarized for discussion
in figures 1 to 11. Figures 1 to 11 are graphs of the
dispersion indices versus the amount of defloc~ulent
as listed in the tables of base data. The dispersion
indices are plotted as ordinates with the abscivsa of
the point being the amount of deflocculent. Both are
on linear scales as indicated. All graphs are labeled
to indicate the colloid, type of water and ion saturation.
The deflocculent used is indicated by the type of line
in the individual graphs. The line coding used con-
sistently through all of the summary curves is as
follows:

Sodium tripolyphosphate
Sodium hexametaphosphate
Sodium hexametaphosphate plus sodium carbonate = == == == — =
Sodium tetrapyrophosphate =——— = —— —

SODIUM MONTMORILLONITE IN DISTILLED WATER

Sodium montmorillonite was in a well-dispersed
state when at equilibrium with distilled water (fig. 37.4).
This was in accord with dispersion theories (See section
“Theory of clay-mineral behavior in dilute suspen-
sion”, by R. F. Miller.) in that there is no electrolyte
contribution from the water and the inherent negetivity
of the montmorillonite particles is at equilibrium with
sodium, the least opposing cation to dispersion. The
introduction of phosphate deflocculents into the system
increased the index of dispersion beyond that of the
standard. There was little difference among the three
reagents in their effect on percentage of dispersion.

The improvement in dispersion of the system was
probably due to sequestration of multivalent cations
still present on the sodium saturated clay su-faces.
The energy relations between ions and surfaces praclude
the complete replacement by mass action of multiva-
lent ions by sodium. Sequestration reduces thi+ diffi-
culty and increases the degree of sodium saturation.
It is also possible, but less likely, that dispersion may
have been improved by increasing the negativity of
the montmorillonite particles by phosphate anion
adsorption to clay edges.

CALCIUM MONTMORILONITE IN DISTILLED WATER

The calcium montmorillonite was in a flocculent
state when at equilibrium with the distilled water
(fig. 37B). Unlike sodium saturation, calcium satura-
tion may be completely effected by mass action. Thus,
the exchange complex of the clay was probably 100
percent calcium and these closely held, divalert ions
decreased the intensity of the clay negativity. The
particles could then approach each other to the point
where attractive forces become effective, thereby
inducing floc formation and more rapid s»ttling
velocities.



236

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY

A. Sodium-
saturated
clay 8. Calcium-saturated clay
120
100
)
a 80
Z
Z
S 60
[
o
(1]
&
20
0
0 0.05 01 0 0.5 1 1.5 2
GRAMS DEFLOCCULENT
120 ¢ o
L‘-@—'—"'"
S~
S~
100 ] —
/,b--.-.o-.—- =r====3
— [
— r'd
> /’/ id
w 80 - L
(a] R
r4 e
Z //
O 60
[72]
o
)
o
» 40
(&)
20
0
0 0.05 01 o0 0.5 1 1.5 2
GRAMS DEFLOCCULENT
EXPLANATION
Sodium tripolyphosphate Sodium hexametaphosphate Sodium hexametaphosphate

plus sodium carbanate

FIGURE 37.—Dispersion characteristics of sodium- and calcium-saturated montmorillonite in distilled and soft water. A, B, distilled water; C, D, soft water.
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The introduction of phosphate deflocculents into
this system improved dispersion. The slope of the
index curve 